Deletions extending various distances into the left-hand terminal DNA sequences of the adenovirus type 2 (Ad2) genome were generated in a plasmid containing a cloned fragment spanning from 0 to 4.9 map units.
INTRODUCTION
The genomes of the closely related human adenovirus serotypes 2 and 5 (Ad2 and Ad5) are linear duplex DNAs approximately 36 kilobase pairs in length (1, 2, 3) .
The two viral genomes contain inverted terminal repeats (ITRs) of 102 and 103 base pairs (bp) respectively, which differ in sequence only by the insertion of a single base pair within the Ad5 ITR (4, 5) .
Replication of the viral DNA is initiated at either end of the molecule and proceeds by a strand displacement mechanism (reviewed in ref. 3) , generating replicative intermediates consisting of a linear duplex with a single-stranded branch representing the displaced parental strand (6, 7) . Synthesis of complementary strands is initiated at the 3' ends of full-length displaced single strands, producing, as intermediates, unbranched unit-length molecules single-stranded at one end and double-stranded at the other (6, 7) .
A protein molecule is covalently attached to the 5' end of each strand of the virion DNA molecule (8, 9, 10, 11) , and the precursor form of this protein appears to serve as the primer for DNA replication (12) (13) (14) (15) (16) (17) (18) . Little, however, is known concerning the DNA sequence requirement, or the mechanism of initiation of DNA synthesis on either double or single stranded templates. It has been proposed (19) that the complementary sequences of the ITRs at the opposite ends of displaced single strands may base pair to form circular "pan-handle" structures, and that the generation of short duplex regions, indistinguishable from the termini of the double-stranded genome, may enable DNA synthesis to be initiated by the same mechanism on both single and double stranded templates.
Circular replicative intermediates have not, however, been detected, and no direct evidence for this interaction occurring jn vivo has been obtained. This communication reports experiments using a previously described protocol (20) to study the effect of the removal of sequences from the left hand terminus of the adenoviral genome on its infectivity. Deletions extending various distances into the UR sequences were generated in a plasmid containing a cloned fragment from the left-hand end of the Ad2 genome. Genomes modified at their left-hand termini were then constructed by llgating plasmid-derived sequences spanning from 0 to 3.8 map units to the large Xbal fragment (3.8-100 map units) of the Ad5 variant dl309 (21) .
The infectivity of these genomes was assessed by transfection into line 293 cells (22) , and the structures of progeny virus genomes were examined.
The results demonstrate that genomes lacking part of the left-hand ITR are infectious, and that the missing sequences are restored in progeny virus.
These data are Interpreted as providing evidence consistent with the occurrence of a "pan-handle" structure as a replicative intermediate.
MATERIALS AND METHODS

Calli, Virtues and DNA»
HeLa cells grown in suspension were used for the propagation of wild type Ad2, the Ad5 variant dl309 (ref. 21 ; obtained from T. Shenk), and the recombinant viruses described In this paper.
Monolayer cultures of HeLa and line 293. cells (ref. 22 ; provided by J. Williams) were maintained in Dulbeccomodified Eagle's medium supplemented with 10% calf serum, 100|ig of streptomycin per ml, and 100|ig of penicillin per ml.
Viruses were purified and their DNAs were extracted as previously described (23) .
DNA transactions
Monolayers of line 293 cells were infected with DNA by the calcium phosphate precipitation method (24) followed by a "boost" using 20% glyceral at 4 hours post-infection (25).
Infected plates were overlaid with 0.7% agar, well-isolated plaques were picked, and grown up to provide working stocks for subsequent analysis.
Cloning of the Ad2 Bqlll E terminal fragment, and construction of SD8
The plasmid BE5 was constructed by inserting the Ad2 BglD E fragment (0-9.4 map units) into the PstI site of pBR322 (26) using the dG-dC tailing procedure described previously (20 (27) . E.coli x.1776 was transformed with the ligation products, and single independent tetracycline resistant colonies were picked.
Plasmids were isolated from small scale cultures (28) , and screened for the presence of an EcoRI site (the EcoRI site at position O of pBR322 having been deleted in the construction of SD8). Five plasmids with EcoRI sites and deletions extending various distances into the adenovirus DNA sequences (R clones) were prepared from 400ml cultures, and purified by caesium chlorideethidium bromide density gradient centrlfugation as described by Tanaka and Welsblum (29) . Exact end points of the deletions were located by sequencing DNA fragments, 5' end-labelled at the EcoRI site, and analysing the DNA degradation products on 20% acrylamide gels under denaturing conditions, as described by Maxam and Gilbert (30) .
Reassembly of viral genomes containing modified left-hand termini
The R clone plasmids described above were cleaved with the enzymes EcoRI and Xbal, and the resulting double digest fragments were ligated to the purified large Xbal fragment of dl309 (dl3O9A) as previously described (20) .
Typical reactions contained lu,g dl309A and 4(ig of digested plasmid In a volume of 40>l. The total reaction products were used in the transfectlon of two replicate 50-mm petrl dishes of line 293 cells.
Restriction endonucleasa digestion and analysis
Restriction endonucleases were obtained from Bethesda Research Laboratories or New England Biolabs and the conditions for digestion of DNA were as recommended by the supplier.
DNA fragments were separated by electrophoresis through agarose gels, stained with ethidium bromide and visualized during illumination with UV light (31) .
DNA fragments were transferred to DBM paper using the procedure described by Alwine et al., (32) , and hybridized to plasmid DNA labelled jn vitro with '^P by nick translation (33) .
After hybridization the DBM paper was washed and autoradiographed using Kodak XR film.
Structural analysis of the left hand terminus of viral genomes
Purified virion DNAs were cleaved with Xbal, and the smaller of the two resulting fragments (0-3.8 map units) was purified after separation by electrophoresis through an agarose gel.
The amino acids blocking the 5'
terminus were removed by alkali treatment (34) , and following neutralization, the two strands were allowed to anneal for 2 hr at 60°. The reannealed fragment was treated with bacterial alkaline phosphatase and labelled with ™p at its 5' termini using polynucleotide kinase (30) .
After recleavage with PvuIT, the 450 bp fragment was purified, and subjected to the G+A degradation reaction as described by Maxam and Gilbert (30) .
The reaction products were separated by electrophoresis through a 20% denaturing acrylamide gel which was autoradiographed using Kodak XR film.
RESULTS
Construction and analysis of deleted R clone plasmlds
In order to construct adenovirus genomes lacking sequences from their left-hand termini, plasmid 5D8, which contains a single PstI site at a position close to the end of the viral DNA sequences, was utilized.
SD8 was derived by removing three of the four PstI sites from a plasmid containing the Bglll E fragment (BE5) by deleting the EcoRI to SstI fragment as shown in Fig.l and described in materials and methods.
PstI cleavage of SD8 generates a linear molecule containing, at one end, a tail of about 20 dG residues linked to the terminus of the adenovirua genome (20) .
Deletions extending various distances into the adenovirus DNA sequences were obtained by treating Pstl-cut SD8 with nuclease BAL31.
An EcoRI linker, marking the end-point of the deletion, was ligated to the resulting molecules which were recircularized and recloned in E.coli ( Construction and physical maps of R clone plasmids. Plasmid BE5 contains the BglH E fragment (0-9.4 map units) of Ad2 DNA inserted into the PstI site of pBR322 by dG-dC tailing (20) .
Removal of the SstI to EcoRI fragment from BE5 generated plasmid SD8, which contains a single PstI site, close to position O in the viral sequences, and no EcoRI site.
R clone plasmids were generated following BAL31 nuclease digestion of Pstl-linearized SD8, and contain an EcoRI linker at the site of the deletion. P = PstI site.
performed on five of the resulting plasmids (R clones) indicated that they contained deletions removing either none, or part, or all of the ITR sequences.
To precisely define the deletions in these plasmids, the 5' ends of EcoRI cleaved molecules were labelled with ' 2 P , and following secondary cleavage and purification of the required fragment, the DNA was subjected to the chemical degradation sequencing procedures described by Maxam and Gilbert (30) . Plaques were counted 8 days post-infection. Single infection controls using cleaved plasmid DNA alone gave rise to no plaques. 8 In R15 an additional 18 dG residues, are linked to nucleotide 1 of the Ad2 DNA.
variant (21).
It is therefore possible to determine whether sequences mapping This difference results in the second largest fragment generated from this region by digestion with a combination of Thai and Smal being 44 base pairs longer in dl309 DNA than in Ad2 DNA (Fig. 3a) . To identify the parental origin of this fragment, DNA of Ad2, dl309 and viruses generated after infection with the plasmid and dl309A combinations shown in Table 1 (b) Analysis of viral DNAs. l\iq DNA of Ad2, dl309 and viruses generated following infections using dl309A either alone or in combination with RIO, FU2, R15, R29 or R31 fragments (d!309A, V10, V12, V15, V29 and V31 respectively) were cleaved with Thai and Smal and the fragments separated by electrophoresis through a 1.6% agarose gel. The fragments were transferred to DBM paper (32) and hybridized to a nicktranslated probe containing Ad2 DNA sequences spanning from 0 to 4.5 map units.
The positions of the 595 and 551 base pair fragments unique to dl309 and Ad2 DNAs respectively are indicated.
The faint bands present just above these fragments in some tracks are caused by incomplete cleavage by Thai.
contrast, viruses generated after infection with either dl309A alone or dl309A in combination with R31 generated a larger (595 bp) fragment, suggesting that they resulted from the presence of intact dl309 molecules In the transfecting mix. Tasting of other viruses which were produced after infections in which R31 DNA was present demonstrated that in no instance was plasmid DNA rescued into the progeny virus. This indicated that genomes lacking 160 base pairs from their left-hand termini are non-infectious.
Structure of progeny virus genomes
The results described in the previous section show that viral genomes lacking 11, 40 or 51 base pairs from their left hand termini or containing an additional 18 dG residues at this position are all infectious. It was therefore of interest to determine the structure of the left hand termini of the progeny virus genomes.
PvuII digestion of Ad2 DNA generates a left-hand terminal fragment of 450bp which is easily identified when the products of digestion of whole viral DNA are separated by electrophoresis on an agarose gel.
The corresponding fragment is generated from R clone plaamid DNA by digestion with EcoRI and PvuII (Fig. 4a) . R clone plasmid DNAs were therefore cleaved with EcoRI and PvuII, and DNA from viruses V10, V12, V15, V29 (containing sequences derived from the corresponding R clones) and marker Ad2 were digested with PvuII alone.
The products were separated by agarose gel electrophoresis, and the patterns obtained are shown in Fig. 4b .
Comparison of the sizes of fragments generated from the R clone plasmids with the corresponding Ad2 left-hand terminal fragment reveals the presence of deletions of terminal sequences in RIO, 12, 29 and 31, and of additional DNA sequences in R15, in agreement with the sequence data presented in Fig. 2 .
The left-hand terminal fragments of viruses V10, V12, V15 and V29, however, are indistinguishable in size from the Ad2 markers.
It therefore appears that during the production of progeny virus a mechanism exists which results in the generation of viruses which contain left-hand terminal fragments of normal size. It should also be noted that the restoration in the size of this fragment was observed in each of 12 other viruses examined which contained sequences rescued from the plasmids RIO, R12, R15 or R29 (data not shown).
Fine structure of the termini of rescued virtues
In order to determine the relationship between the sequences restored to the rescued viruses and those originally deleted from the R clone plasmids, a fine structure analysis of the termini was performed.
The Xbal fragments from the left-hand ends of dl309, V12 and V29 were isolated and the residual amino acids of the terminal protein were removed with alkali in order to render the 5' terminus accessible to labelling with ' * p (34) .
The labelling was performed according to the protocol of Maxam and Gilbert (30) , the DNA recleaved with PvuII, and the 450 bp terminal fragment was purified and subjected to the dG+dA degradation reaction (30) . The reaction products were resolved on a 20% acrylamide sequencing gel.
The autoradiograph of the gel (Fig. 5) demonstrates that close to the labelled ends purine residues are located in identical positions in the three viral (b) By a correction mechanism using the right hand ITR. A displaced strand lacking DNA sequences from its 3' end forms a "panhandle" structure, and the missing nucleotldes are restored by copying from the complementary, unmodified, ITR (see text).
• , site of deletion; o , residual amino acids remaining linked to right-hand terminus of transfecting DNA molecules; • , protein molecule linked to newly synthesized DNA strands. An alternative mechanism based upon the known modes of adenovirus DNA replication is illustrated in Fig. 6b .
In cells transfected with reconstructed genomes which have complete and unmodified ITRs derived from dl309 virion DNA at their right hand ends it would be expected that initiation of DNA replication could occur by the usual mechanisms at this site (3, (12) (13) (14) (15) (16) (17) (18) .
Elongation of the newly initiated DNA strand would result in the eventual displacement of one of the parental strands carrying a complete ITR at its 5' end and modified sequences at its 3' end.
Provided that at least part of the ITR is present this molecule could potentially form a circular "pan-handle" type structure as a result of reannealing of the complementary sequences at its opposite termini (19) Following the correction of the modified 3' (left-hand end) sequences, synthesis of the second DNA strand might then be initiated at the terminus of the duplex region, as previously outlined, by the same mechanism as operates on the double stranded genomic DNA (19) . The product would be a nondefective genome containing complete dl309 ITR sequences at both termini, as was observed in the progeny of the experiments described in this paper.
Although this mechanism explains the restoration of deleted left-hand end sequences it does not necessarily imply that the "pan-handle" structure is an obligatory intermediate i n DNA replication. The ability to restore sequences removed from the left-hand terminus by this or some other mechanism prevents the role of these sequences from being directly assessed. Nevertheless, because viable viruses lacking sequences from their left (or right) ITRs were never observed, it seems probable that the integrity of both ITRs may be essential for viability. It should, however, prove possible to define the sequence requirements for initiation of virus DNA synthesis by using deletions of the type described in this paper in j n vitro replication systems.
